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Abstract
Initial detrital composition and authigenic alterations during diagenesis of three sandstone types are related to their mechani‑
cal properties. Sandstones were prepared for geotechnical standard tests [density, uniaxial compressive strength (UCS), 
Young’s modulus (E), strain at failure (ε)] and thin sections for petrographic analyses (point counting). UCS ranges from 3 
to 62 MPa and positively correlates with density (1.75–2.35 g/cm3) and E (0.3–12.7 GPa). Optical porosity is controlling 
these mechanical parameters and was linked to diagenetic alterations. Diagenetic alterations affecting porosity reduction 
are the abundance of clay minerals, and the intensity of mechanical and chemical compaction. The latter is controlled by 
clay mineral coatings on contacts between detrital grains, and the occurrence of authigenic quartz and dolomite. Horizontal 
contact lengths of grains normalized to their respective particle diameter (effective contact ratio, ECR) and porosity are 
identified as a control on the mechanical properties UCS and E, reflected by the rock strength index SR. The results of this 
pilot study suggest that SR is able to predict UCS and E based on petrographic information obtained from the studied samples. 
These results enhance the understanding of the coupling between mineralogy and geomechanics and highlight the impact 
of diagenesis on geomechanical behavior.
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Introduction
Deeply buried Lower Permian Rotliegend sandstones are 
the most important reservoir rocks for natural gas in Central 
Europe (Gast et al. 2010). These reservoirs are of increasing 
interest for applications other than hydrocarbon extraction, 
such as geothermal energy exploration, gas and hydrogen 
storage, or  CO2 sequestration (Ambrose et al. 2008; Bachu 
2000; Legarth et al. 2005; Moeck et al. 2009; Regenspurg 
et al. 2015). The pore pressure and effective stress of these 
porous reservoir rocks will decrease during production in 
hydrocarbon or geothermal reservoirs, which may result in 
compaction and / or rock failure over reservoir timescales 
[e.g. Hettema et  al. (2000); Talwani and Acree (1985); 
Zoback and Zinke (2002)]. Therefore, studies assessing 
geomechanical properties are well‑established methods in 
reservoir studies (Ghassemi 2012; Sayers and Schutjens 
2007). Reservoir sandstones also compact mechanically 
and chemically over geological timescales affecting petro‑
physical and mechanical properties (Houseknecht 1987; 
Lundegard 1992). Their reservoir properties change during 
subsidence, and their diagenesis is related to initial compo‑
sition and grain coatings (Aagaard et al. 2000; Busch et al. 
2020; Monsees et al. 2020), fluid type, chemistry and pres‑
sure (Bjørlykke and Høeg 1997; Gaupp et al. 1993), thermal 
exposure over time at depth intervals (Becker et al. 2019; 
Busch et al. 2018; Lander et al. 2008), and faults control‑
ling temperature overprint by hydrothermal fluid circulation 
(Wüstefeld et al. 2017). It is thus of crucial importance for 
assessing the rock’s porosity and permeability, and its viabil‑
ity as a reservoir (Morad et al. 2010; Worden et al. 2018).
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Empirical relations between parameters like rock strength 
and deformability are well established (Chang et al. 2006; 
Dyke and Dobereiner 1991) and have been correlated with 
the bulk sandstone composition (Fahy and Guccione 1979; 
Ulusay et al. 1994; Zorlu et al. 2008). Fahy and Guccione 
(1979) demonstrated the dependence of compressive rock 
strength on grain sizes, quartz percentage, sphericity, 
cements and grain contacts. Dyke and Dobereiner (1991) 
showed that the length of the grain contacts in relation to 
the total grain surface length can be used as a proxy for 
compressive strength in sandstones. Zorlu et al. (2008) per‑
formed multiple regression analysis on a large sandstone 
data set (n = 138), evaluating and quantifying the effects 
of quartz content, cement volumes, grain size, grain con‑
tacts and packing density on compressive strength. They 
concluded that packing density, grain contacts and quartz 
content are the most important parameters.
The objective of this study is to investigate and quantify 
relationships between diagenetic and geomechanical prop‑
erties of porous sandstones. In this context, petrographic 
data is gathered from optical microscopy, point‑counting, 
grain‑coating analyses, and effective contact ratios (ECR). 
The petrographic data will be compared with geomechani‑
cal data, using uniaxial compression tests, delivering data 
on Young’s modulus (E), uniaxial compressive strength 
(UCS), density and strain at failure (ε). The influence of 
petrographic parameters and diagenesis on geotechnical 
parameters will be evaluated and quantified and discussed 
with respect to reservoir‑ and geological timescales.
Geological setting
The sandstones of the Cornberg quarry (CS) belong to 
the uppermost Rotliegend (Lower Permian) lithostrati‑
graphic unit (Kowalczyk et al. 2012), also referred to as 
the Weißliegend (Paul 2012). The Cornberg Formation 
crops out in the Nentershäuser Basin, which is a sub basin 
of the Hesse Basin in central Germany (Kulick et al. 1984) 
(Fig. 1a). The Nentershäuser Basin has been interpreted as 
a pull‑apart basin due to its thickness increase of Rotliegend 
deposits from tens to hundreds of meters over lateral dis‑
tances < 10 km (Kowalczyk et al. 2012; Kulick et al. 1984). 
Based on meter‑scale cross‑bedded strata, the depositional 
system of the sandstones has been controversially discussed 
(Gast 1994; Pryor 1971; Schumacher 1985). Recent studies 
interpret them to be of eolian origin (Gast 1994; Kowalczyk 
et al. 2012). The thickness of the formation is up to 20 m 
(Kowalczyk et al. 2012), being conformably overlain by the 
Kupferschiefer claystone marking the onset of the Zechstein 
transgression (Kowalczyk et al. 2012), and underlain by 
grey, sandy conglomerates and red conglomeratic sandstones 
and pelites (Aehnelt and Katzung 2007). Maximum burial 
depth and precise inversion timing is unclear (Kowalczyk 
et al. 2012).
Upper Rotliegend fluvio‑eolian Flechtingen Sandstones 
(FS) are exposed in a decommissioned quarry 1 km south‑
west of Bebertal, Saxony‑Anhalt, Germany (Fig.  1b), 
located on the margins of the Flechtingen High (Gaitzsch 
et al. 2004). Rocks of the Bebertal quarry are commonly 
used as analogs for the North German Rotliegend hosted 
reservoirs (Fischer et al. 2012; Gast et al. 2010; Schröder 
et al. 1995). According to the regional stratigraphic correla‑
tion conducted by Schneider and Gebhardt (1993) and field 
studies by Gaitzsch et al. (2004), the Rotliegend sandstones 
exposed near Bebertal belong to the Mirow Formation of the 
Havel Subgroup, resulting in a sedimentation age between 
264 and 262 Ma (Menning 1995). The series has a thickness 
of 10–16 m (Gaitzsch et al. 2004) and is conformably under‑
lain by conglomerates (the Oberes Konglomerat series), and 
unconformably overlain by dominantly fluvial sandstones 
(the Oberer Rundkörniger Sandstein series) (Gaitzsch et al. 
2004). Flechtingen Sandstones were rapidly buried reaching 
a thermal maximum of 200–250 °C in early Triassic (Fischer 
et al. 2012), and subsequently uplifted by the inversion of the 
Flechtingen High initiated during the Late Aptian transgres‑
sion (Otto 2003).
Permian Penrith Sandstones (PS) crop out in the Vale 
of Eden half graben, Cumbria, UK (Fig. 1c), covering an 
area of approximately 48 × 6 km (Busch et al. 2017; Mac‑
chi 1981; Turner et al. 1995). The Appleby Group consists 
of the eolian Penrith Formation and basal alluvial deposits 
locally referred to as the Brockram facies (Macchi 1981), 
and is time—equivalent to the Central European Rotlieg‑
end (Jackson et al. 1997). The total thickness of the Pen‑
rith Sandstone is discussed to reach up to 1 km (Turner 
et al. 1995). Upper Carboniferous siliciclastic rocks in the 
northern Vale of Eden and Lower Carboniferous limestones 
in the south are unconformably overlain by the Appleby 
Group (Arthurton and Wadge 1981; Macchi 1981; Turner 
et al. 1995). The Appleby Group is conformably overlain 
by shales, evaporites and dolomite of the Zechstein, which 
are combined in the Eden Shales Formation (Arthurton and 
Wadge 1981). The Penrith Sandstones were buried to maxi‑
mum burial depth up to 3500 m (120 °C) in the Cretaceous, 
and were inverted in the Late Cretaceous/Early Tertiary 
(Turner et al. 1995).
Materials and methods
Large rock samples were taken from quarries and drilled 
normal to bedding for geomechanical analyses, and paral‑
lel to bedding for petrographic analysis. A total of seven 
polished thin sections originating from each of the seven 
rock samples used to prepare the cylinders [CS (n = 2), FS 
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(n = 2) and PS (n = 3)] were analyzed. The thin sections 
were impregnated with a blue‑dyed epoxy resin to highlight 
porosity. Thin sections are prepared to a thickness of 30 µm 
and stained with a combined Alizarin Red S and potassium 
ferricyanate solution to aid the identification of carbonate 
minerals. Sample PS1 and PS2 originate from quarry A, 
while sample PS3 originates from quarry B (Fig. 1b).
Grain sizes were measured along their long axis on 
100  grains with digital image analysis using ImageJ 
(Becker et al. 2017). Median grain sizes determined by 
digital image analysis have been demonstrated to reach 
accuracies of  > 96% compared to conventional methods 
like sieving (Barnard et al. 2007). Sorting was determined 
according to Trask (1930). Point counting (300 counts) was 
performed on a grid adjusted to the maximum grain size 
with a semi‑automated Pelcon Point Counter installed on a 
Leitz Aristomet microscope. This leads to a point‑counted 
area of 350–500  mm2 considering step size and grain size. 
Point‑counted optical porosity was used as a benchmark 
for the representative elementary area (volume) of the thin 
sections, compared to increasing areal dimensions covered 
on comparator images. Consistent porosities were obtained 
from comparator images of Cornberg Sandstones with an 
area larger 100  mm2, from Flechtingen Sandstones for an 
area larger than 150  mm2, and for Penrith Sandstones for an 
area larger than 30  mm2. The minimum point‑counted area 
controlled by grain size and step size is larger than 300  mm2; 
therefore, delivering porosities in agreement with the repre‑
sentative elementary volume concept. The statistical error of 



























































Fig. 1  Schematic geological maps of the vicinity of the studied quar‑
ries. a Extent of Rotliegend deposits in the northern Hesse Basin, 
redrawn from Kowalczyk et al. (2012). b Present‑day geology of the 
Vale of Eden highlighting the extent of Rotliegend deposits, redrawn 
from Turner et al. (1995). c Geology of the Flechtingen High, show‑
ing the location of fluvio‑eolian Rotliegend marginal deposits, modi‑
fied from Fischer et  al. (2012). d Overview map of western Central 
Europe, showing the study areas in Germany and the UK
 Environmental Earth Sciences          (2021) 80:141 
1 3
 141  Page 4 of 18
by dividing the standard deviation by the square root of the 
number of samples.
The sandstone compositions were classified after Folk 
(1980). The intergranular volume (IGV) was classified 
according to Paxton et al. (2002). The IGV is the sum of the 
intergranular pore space, the intergranular cement and detri‑
tal matrix. Compactional porosity loss versus cementational 
porosity loss and compactional indices were calculated after 
Lundegard (1992), and used to determine the compactional 
index (Lundegard 1992). The compactional index is the 
fractional ratio of compaction porosity loss and the sum of 
compaction porosity loss plus the cementation porosity loss, 
assuming an initial porosity of 45%. The value ranges between 
zero (porosity loss only by cementation) and one (porosity 
loss only by compaction). The percentage of clay mineral 
coatings on grain‑to‑IGV (GTI) interfaces was assessed on at 
least 50 grains per sample (Busch et al. 2020). Both the part 
of a grain’s circumference in contact with the IGV and the 
length of the GTI interface covered with clay minerals were 
manually measured using image analysis software. The grain’s 
aspect ratio was normalized as a percentage, and averaged 
over at least 50 measurements per sample. Percentages of illite 
coatings on grain‑to‑grain (GTG) detrital quartz interfaces 
were evaluated after Monsees et al. (2020) by microscopy‑
aided image analysis. GTG coatings determine the clay coat 
coverage on grain–grain contacts in contrast to the total length 
of the grain’s circumference in contact with other grains.
The effective contact length (ECL) is introduced as a new 
approach to quantify the length of physical quartz–quartz, 
quartz–feldspar and feldspar–feldspar particle contacts 
(grain plus syntaxial cement) orientated subparallel 
(max. ± 20°) to the bedding axis (Fig. 2a). Possible syntax‑
ial cementation of grains is included in the contact length 
(Fig. 2a). It quantifies what otherwise is noted as point, long, 
convex–concave and sutured contact (Schmidt et al. 2020; 
Taylor 1950) but here also includes contacts of syntaxial 
overgrowth cements on detrital grains. The effective contact 
length was determined by digital image analysis with ImageJ 
on randomly selected grain contacts using oriented thin sec‑
tions. A total of at least n = 50 grain contacts are measured 
per sample. Median grain size is used as a quality check for 
the representability of the sample’s population (Fig. 2b). The 
effective contact length was normalized by the grain diam‑
eter of the smaller of the two touching grains (Dg), meas‑
ured by image analysis along its long axis and resulting in 
the effective contact ratio (ECR). An averaged diameter of 
both touching grains is avoided since the diameter of the 
smaller grain limits the effective contact length (ECL). The 
effective contact ratio is a grain‑size independent parameter 
quantifying the relative contact area of strong mineral con‑
tacts in porous siliciclastic rocks. A rock strength index  SR 
was determined by dividing the optical porosity (ϕ) with the 
effective contact ratio (ECR). 
The uniaxial compression test according to DIN18136 
(2003) and Mutschler (2004) determines the uniaxial com‑
pressive strength (UCS) as well as Young’s modulus (E). 
The cylindrical specimens are cored from rock samples nor‑
mal to bedding with a diameter of 38.1–92.5 mm, the height 
of the specimens ranges from 68.6 to 203.6 mm. For the 
study, 19 cylinders were drilled out of seven rock samples: 
Cornberg Sandstone (n = 5), Flechtingen Sandstone (n = 2) 
and Penrith Sandstone (n = 12). The test results and sample 
dimensions are shown in Table 1.
The cylinders are loaded in axial direction at a constant 
deformation rate with unconstrained lateral expansion. The 
test speed is approx. 0.5–1% of the initial height of the spec‑
imen per minute. The test is considered to be completed 
when the specimen has fractured (i.e. the measured axial 
force does not increase any further) or the strain has reached 
a value of 20%. For the evaluation, the uniaxial compressive 
strength UCS, the associated strain during fracturing εv and 
the Young’s modulus E is determined from the stress–strain‑
diagram. Results of geotechnical tests are displayed as aver‑










































Fig. 2  a Effective contact lengths were determined on physical con‑
tacts between detrital grains with and without syntaxial cements. 
Only contacts within ± 20° to the true horizontal were measured. 
Stress direction is normal to the horizontal. b Median grain size used 
as quality control on average effective contact length
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Texture Measured grain sizes range from 0.275 to 
0.488 mm (Table 3). Cornberg Sandstones show a uniform, 
homogenous texture with barely visible bedding (Fig. 3) and 
are very well sorted (Table 3). Flechtingen Sandstones show 
distinct bedding, as well as bedding‑bound heterogeneities 
(Fig. 3b) and are very well sorted (Table 3). Penrith Sand‑
stones generally are very homogenous (Fig. 3c) with very 
well to extremely well sorting (Table 3). 
Composition Quartz (incl. metaquartzite, Fig.  3a–f) con‑
sistently is the most abundant detrital constituent in all stud‑
ied samples (CS avg.: 64.0 ± 1.7%, FS avg.: 48.5 ± 1.1%, 
PS avg.: 61.9 ± 3.1%,) (Table 2). All samples contain minor 
amounts of feldspars (avg. PS: 3.1 ± 0.4%) and rock frag‑
ments (avg. CS: 2.8 ± 0.1%, avg. FS: 14.3 ± 3.7%), which 
are the second to third most abundant detrital constituents, 
depending on sample location (Fig.  3b; Table  2). Rock 
fragments in samples from FS are mainly volcanic rock 
fragments (VRF: 10.0 ± 3.1%, plutonic RF: 2.2 ± 0.5%, 
sedimentary RF: 1.0 ± 0.0%, metamorphic RF: 0.8 ± 0.1%, 
undifferentiated RF: 0.3 ± 0.0%). Rock fragments in PS are 
mainly volcanic and undifferentiated (VRF: 0.7 ± 0.1%, 
undifferentiated RF: 0.4 ± 0.2%, sedimentary RF: 
0.4 ± 0.2%, plutonic RF: 0.1 ± 0.1%). The most common 
rock fragments in Cornberg Sandstones are undifferentiated 
rock fragments (undifferentiated RF: 1.5 ± 0.3%, sedimen‑
tary RF: 1.0 ± 0.1%, metamorphic RF: 0.3 ± 0.2%). Detri‑
tal clay mineral matrix and mica are very rare (avg. < 1.0%) 
throughout all studied locations (CS avg.: 0.0 ± 0.1%, FS 
avg.: 0.8 ± 0.3%, PS avg.: 0.3 ± 0.2%), while zircon appears 
only in traces (avg. < 0.3%) (Table 2). The studied rock sam‑
ples show a distinct clustering in sandstone types after Folk 
(1980). Cornberg Sandstones are sublitharenites to quartza‑
renites, Flechtingen Sandstones lithic arkoses to feldspathic 
arkoses, while Penrith Sandstones are classified as subarko‑
ses (Fig. 3h).
Authigenic minerals
Composition The most abundant authigenic minerals are 
quartz and illite. Quartz cement ranges between 6.0 and 
14.3% (CS avg.: 7.2 ± 0.7%, FS avg.: 5.7 ± 0.4%, PS avg.: 
13.1 ± 0.5%) (Fig.  3c; Table  2). Pore‑filling illite ranges 
between 0.3 and 9.0% (CS avg.: 8.8 ± 0.1%, FS avg.: 
1.2 ± 0.5%, PS avg.: 0.3 ± 0.2%, Fig. 3d), while pore‑lining 
illite ranges from 0.7 to 4.7% (CS avg.: 1.0 ± 0.2% FS avg.: 
4.8 ± 0.1%, PS avg.: 2.2 ± 0.5%) (Fig. 3e, f).
Dolomite cements (avg.: 5.7 ± 1.4%) and pore‑filling kao‑
linite (avg.: 1.3 ± 0.2%) are only present in the Cornberg 
Sandstones (Fig. 3d). Cornberg Sandstone samples also con‑
tain pore‑filling FeOx cements (avg.: 1.7 ± 0.6%) (Fig. 3d), 
Table 1  Geomechanical results
UCS unconfined compressive strength, E Young’s modulus, e strain
Sample UCS (MPa) Density (g/cm3) E (GPa) Ε (%) Length (mm) Diameter (mm)
CS 1 a 61.7 2.245 12.68 0.57 203.6 92.5
CS 1 b 52.7 2.248 11.70 0.58 203.5 92.5
CS 2 a 56.9 2.303 11.32 0.56 201.0 92.1
CS 2 b 54.8 2.293 9.92 0.61 201.5 92.1
CS 2 c 61.7 2.292 12.37 0.56 201.5 92.5
FS 1 46.4 2.268 9.00 0.63 124.0 50.0
FS 2 61.5 2.353 10.98 0.77 125.0 50.0
PS 1 a 20.9 2.051 6.31 0.57 81.5 38.1
PS 1 b 19.1 2.06 5.87 0.51 82.0 38.1
PS 1 c 22.0 2.084 7.42 0.46 80.9 38.1
PS 1 d 23.0 2.114 6.80 0.61 81.5 38.1
PS 1 e 20.6 2.069 6.14 0.54 81.5 38.1
PS 2 a 22.2 2.078 6.19 0.58 81.1 38.1
PS 2 b 19.5 2.055 5.50 0.58 82.5 38.1
PS 2 c 20.4 2.059 6.40 0.53 81.3 38.1
PS 2 d 19.4 2.094 6.34 0.49 80.9 38.1
PS 3 a 3.6 1.793 0.62 0.86 81.1 38.1
PS 3 b 3.2 1.708 0.32 1.05 80.5 38.1
PS 3 c 3.2 1.747 0.47 0.86 68.6 38.1
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Cornberg Sandstone (CS) Flechtingen Sandstone (FS) Penrith Sandstone (PS)
Fig. 3  Results of petrographic analyses. a Overview photomicrograph 
of Cornberg Sandstone (sample CS 1, ppl) containing quartz as the 
dominant detrital mineral. Authigenic TiOx occurs in open pores. b 
Overview photomicrograph of Flechtingen Sandstone (sample FS 2, 
ppl), containing K‑feldspar and VRF besides quartz grains and open 
porosity. c Overview photomicrograph of Penrith Sandstone (sam‑
ple PS 1, ppl), containing detrital quartz encompassed by pore‑lining 
FeOx, overgrown by authigenic quartz. d Photomicrograph of CS 
(sample CS  2, xpl). Pore‑filling illite, dolomite rhombs, pore‑fill‑
ing FeOx. e Photomicrograph of FS (sample FS  1, xpl). Tangential 
pore‑lining illite grain coatings encompassing quartz grains, as well 
as grain‑to‑grain illite coatings (GTG coating). f Photomicrograph 
of PS (sample PS  3, xpl). Tangential pore‑lining illite grain coat‑
ings, as well as pigmented FeOx rims. FeOx rims were observed to 
be overgrown by authigenic quartz, while continuous illite coatings 
were observed to inhibit quartz overgrowth. h Ternary sandstone 
diagram after Folk (1980), showing sandstone types for the differ‑
ent study areas. Cornberg Sandstones were classified as subarkoses, 
FS were classified as lithic arkoses to feldsphatic litharenites, and PS 
were categorized as sublitharenites to quartzarenites. i Porosity‑loss 
diagram after Lundegard (1992). FS samples are mostly compac‑
tion dominated, while CS and PS plot in the  slightly compaction to 
slightly cementation dominated area, with PS being able to retain 
significantly more open porosity. Por open porosity, Qtz quartz, TiOx 
titanium oxide, ppl plane polarized light, xpl cross‑polarized light, 
Kfs K‑feldspar, VRF volcanic rock fragment, FeOx iron oxides, cmt 
cement, Ill illite, pl pore‑lining, pf pore‑filling, dol dolomite, GTG 
grain‑to‑grain, GTI grain‑to‑intergranular‑volume
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authigenic anatase (avg.: 1.2 ± 0.1%) (Fig. 3a), and barite in 
traces (avg. < 0.3%) (Table 2).
The Flechtingen Sandstone shows feldspar cements (avg.: 
1.2 ± 0.1%), pore‑lining FeOx (avg.: 0.8 ± 0.1%) and pore‑
filling FeOx (avg.: 0.7 ± 0.1%).
Authigenic minerals are less frequent in the Penrith Sand‑
stones. They include authigenic anatase (avg.: 1.1 ± 0.2%), 
pore‑lining FeOx (avg.: 0.8 ± 0.1%) (Fig. 3c, f), pore‑fill‑
ing FeOx (avg.: 0.6 ± 0.3%), and pore‑filling illite (avg.: 
0.3 ± 0.2%), while feldspar cements occur only in traces 
(avg. > 0.3%).
Grain coating phases Grain‑to‑grain clay coating coverages 
range from 20 to 21% in Cornberg Sandstones, from 28 to 
Table 2  Point‑counting results 
(300 counts per sample)
All values are in %
RF rock fragment, VRF volcanic RF, PRF plutonic RF, MRF metamorphic RF, rp replaces, undiff. undif‑
ferentiated
CS 1 CS 2 FS 1 FS 2 PS 1 PS 2 PS 3
Detrital components
 Quartz 65.3 60.3 47.3 48.0 60.7 55.3 53.7
 K‑feldspar 1.0 1.0 13.7 10.0 2.0 2.7 2.3
 Plagioclase 0.0 0.0 0.0 0.0 0.7 0.0 0.0
 Matrix undiff 0.0 0.0 0.0 0.0 0.0 0.3 0.0
 Shale RF 0.7 1.0 0.7 0.7 0.0 0.0 0.0
 Sandstone RF 0.3 0.0 0.7 0.3 0.0 0.3 0.7
 Silicic VRF 0.0 0.0 1.7 1.3 0.3 0.3 0.3
 Feldspathic VRF 0.0 0.0 2.0 1.3 0.3 0.3 0.0
 VRF undiff 0.0 0.0 2.3 2.0 0.0 0.0 0.0
 Felsic PRF 0.0 0.0 0.3 0.0 0.0 0.0 0.0
 Granitic PRF 0.0 0.0 1.7 1.3 0.0 0.0 0.3
 Quartzite 1.7 0.7 1.7 2.3 0.7 0.3 0.7
 Phyllite 0.0 0.0 1.0 0.3 0.0 0.0 0.0
 MRF undiff 0.7 0.0 0.0 0.3 0.0 0.0 0.0
 RF undiff 1.0 2.0 0.0 0.0 0.0 0.0 0.0
 Chert 0.0 0.0 0.7 0.3 0.3 1.0 0.0
 Mica 0.0 0.0 0.3 1.3 0.0 0.3 0.0
 Zircon 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Authigenic minerals
 Quartz 8.3 6.0 5.0 6.3 12.7 12.3 14.3
 Dolomite 3.3 8.0 0.0 0.0 0.0 0.0 0.0
 K‑feldspar 0.0 0.0 2.3 1.3 0.0 0.3 0.3
 Illite, pore‑filling 9.0 8.7 0.3 2.0 0.0 0.7 0.3
 Illite, pore‑lining 0.7 1.3 5.0 4.7 2.0 3.3 1.3
 Kaolinite, pore‑filling 1.7 1.0 0.0 0.0 0.0 0.0 0.0
 FeOx, pore‑filling 0.7 2.7 0.7 0.7 0.3 1.3 0.0
 FeOx, pore‑lining 0.0 0.0 1.3 1.0 0.7 0.7 1.0
 TiOx 1.3 1.0 0.0 0.0 0.7 1.3 0.7
 Barite 0.0 0.3 0.0 0.0 0.0 0.0 0.0
Replacements
 Carbonate rp K‑feldspar 0.3 0.0 0.0 0.0 0.0 0.0 0.0
 Illite rp K‑feldspar 0.0 3.3 2.0 4.0 0.0 0.7 0.3
 Illite rp kaolinite 0.3 0.0 0.0 0.0 0.0 0.0 0.0
 Kaolinite rp K‑feldspar 0.0 0.3 0.0 0.3 0.0 0.0 0.0
Optical porosity
 Intergranular porosity 3.7 1.7 5.7 5.3 17.0 17.0 22.7
 Secondary porosity K‑feldspar 0.0 0 .0 3.7 3.7 1.3 0.7 1.0
 Secondary porosity undiff. RF 0.0 0.7 0.0 1.0 0.3 0.7 0.0
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Cornberg Sandstone (CS) Flechtingen Sandstone (FS) Penrith Sandstone (PS)
Fig. 4  Cross‑plots of geotechnical tests, with all tested parameters 
plotted against each other. Symbols indicate average values of tested 
samples; bars represent the measured range of values. Linear lines 
of best fit indicate correlations and the corresponding R2. The out‑
lier sample PS3 in (a) negatively affects an otherwise good correla‑
tion. a and b indicate rows sharing the same y‑axis, while 1, 2, and 3 
indicate colums sharing the same x‑axis. UCS Uniaxial compressive 
strength, E Young’s modulus, ε strain at failure
Table 3  Petrographic data 
for sandstone classification, 
porosity reduction mechanism, 
and mechanical behavior
Quartz, feldspar and rock fragment pole were classified after Folk (1980)
All values, if not specified, are in %
vws very well sorted, ews extremely well sorted, IGV intergranular volume
CS 1 CS 2 FS 1 FS 2 PS 1 PS 2 PS 3
Sandstone classification
 Median grain size [mm] 0.49 0.31 0.32 0.43 0.36 0.28 0.45
 Sorting (Trask 1930) vws vws Vws vws vws vws ews
 Quartz pole 94.8 93.8 73.7 60.1 94.4 92.3 93.7
 Feldspar pole 1.4 1.5 16.6 17.2 4.1 4.4 4.6
 Rock fragment pole 3.8 4.6 9.8 22.7 1.5 3.3 1.7
Porosity reduction
 Optical porosity 3.7 2.3 10.0 6.0 18.7 18.3 23.7
 Cement volume 25.0 28.3 16.0 14.3 16.3 20.0 18.0
 Intergranular volume 28.7 30.7 21.3 17.0 33.3 37.0 40.7
 Compactional porosity loss 22.9 20.7 30.1 33.7 17.5 12.7 16.7
 Cementational porosity loss 19.3 23.0 11.2 9.5 13.5 17.5 7.3
 Compactional indices 0.54 0.47 0.73 0.78 0.56 0.42 0.30
 Grain‑to‑grain clay coating coverage 20.0 20.9 27.7 34.5 18.1 15.9 11.1
 Grain‑to‑IGV clay coating coverage 20.3 33.5 50.2 54.6 20.3 22.4 14.7
 Effective contact length [mm] 0.22 0.15 0.15 0.18 0.18 0.13 0.20
 Effective contact ratio 67.2 67.3 64.7 68.6 59.4 62.2 56.4
Mechanical behavior
 Total clay 13.7 15.7 9.3 13.3 2.0 5.3 2.0
 Rock strength index [dimensionless] 0.055 0.035 0.155 0.087 0.314 0.295 0.420
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35% in Flechtingen Sandstones, and from 11 to 18% in Pen‑
rith Sandstones (Table 3). Grain‑to‑IGV clay coatings range 
from 20 to 34% in Cornberg Sandstones, from 50 to 55% 
in Flechtingen Sandstones, and from 15 to 22% in Penrith 
Sandstones (Table 3).
Optical porosity Intergranular porosities of Cornberg Sand‑
stone samples are on average at 2.7 ± 0.6%, with low intra‑
granular porosities (avg.: 0.3 ± 0.2%), resulting in optical 
porosities of up to 3.7% (Table 3). Intergranular porosities 
in Flechtingen Sandstone samples are on average 4.0 ± 0.8%, 
while intragranular porosity contributes on average 
4.0 ± 0.4% to the optical porosity, totaling at an average of 
8.0%. Penrith Sandstones show intergranular porosities on 
average at 18.9 ± 1.5%, intragranular porosity of 1.3 ± 0.2% 
and total optical porosities of 20.2 ± 1.4%. Sample PS3 is an 
outlier compared to PS1 and PS3 showing highest measured 
optical porosities at 23.7%.
Compaction The Cornberg Sandstones experienced a bal‑
anced porosity reduction between compactional and cemen‑
tational porosity loss (avg. compaction index: 0.51, Fig. 3i) 
with IGVs ranging from 28.7 to 30.7% (avg.: 29.7%). Poros‑
ity in Flechtingen Sandstones was dominantly reduced by 
compaction (avg. compaction index: 0.75, Fig. 3i), leading 
to IGVs from 17.0 to 21.3% (avg.: 19.2%). Penrith Sand‑
stones are slightly dominated by porosity loss by cementa‑
tion (avg. compaction index: 0.43, Fig. 3i). Their IGVs are 
ranging from 33.3 to 40.7% (avg.: 37.0 ± 1.0%). Sample PS3 
records the highest IGV at 40.7% and the lowest compac‑
tional index of 0.30 (Table 3).
Effective contact lengths and effective contact ratio Effec‑
tive contact lengths range from 0.15 to 0.22 mm for Corn‑
berg Sandstones, from 0.15 to 0.18  mm for Flechtingen 
Sandstones, and from 0.13 to 0.20  mm for Penrith Sand‑
stones (Table  3). The normalized effective contact ratio 
ranges from 67.2 to 67.3% for Cornberg Sandstones, from 
64.7 to 68.6% for Flechtingen Sandstones, and from 56.4 to 
62.2% for Penrith Sandstones (Table 3).
Rock mechanics
Results of geotechnical tests are displayed as averages with 
their measured ranges (Fig. 4). The unconfined compres‑
sive strength (UCS) ranges from 3.2 to 61.7 MPa (Table 1). 
Cornberg Sandstones show highest average strength (UCS 
57.6  MPa), Flechtingen Sandstones shows comparable 
strength (avg. UCS 53.9  MPa) and Penrith Sandstones 
show the lowest average compressive strength (avg. UCS 
16.4 MPa) (Table 1, Fig. 4). Rock failure was observed at 
fracture angles between 65 and 85°. Strain at failure ε ranges 
from 0.46 to 1.05% (Table 1), with strain at failure averages 
of 0.58% (CS), 0.70% (FS) and 0.64% (PS) for the respec‑
tive sample locations. Young’s modulus ranges from 0.324 
to 12.679 GPa. Cornberg Sandstones show highest Young’s 
moduli (avg.: 11.597 GPa, range: 9.921–12.679 GPa), fol‑
lowed by Flechtingen Sandstones (avg.: 9.988 GPa, range: 
8.997–10.979 GPa), while Penrith Sandstones are lowest 
(avg.: 4.865 GPa, range: 0.319–7.422 GPa). Bulk densities 
range from 1.71 to 2.35 g/cm3, with Flechtingen Sandstones 
showing the highest densities (avg.: 2.31 g/cm3, range: 
2.27–2.35  g/cm3), closely followed by Cornberg Sand‑
stones with very similar densities (avg.: 2.28 g/cm3, range: 
2.25–2.30 g/cm3). The densities in Penrith Sandstones sam‑
ples are lower (avg.: 1.99 g/cm3, range: 1.71–2.11 g/cm3) 
(Table 1).
Correlations of petrographic and mechanical 
properties
Petrographic correlations
Optical porosity shows a negative correlation with the effec‑
tive contact ratio (ECR, R2 = 0.91) (Fig. 5f1). The inter‑
granular volume shows a positive correlation with quartz 
cements (R2 = 0.73) (Fig. 5a2) and a positive correlation 
with the compactional index (R2 = 0.92) (Fig. 5c2). It seems 
to be negatively correlated with ECR (R2 = 0.61) (Fig. 5f2), 
but does not clearly correlate with the median grain size 
(R2 = 0.47) (Fig. 5d2). Grain‑to‑grain and grain‑to‑IGV clay 
coatings show a negative correlation with quartz cements 
(R2 = 0.69, R2 = 0.66) (Fig. 5a3, a4) and a negative corre‑
lation with the intergranular volume (R2 = 0.97) (Fig. 5b3, 
b4). It also positively correlates with the compactional index 
(R2 = 0.90, R2 = 0.84) (Fig. 5c3, c4), while a correlation with 
optical porosity and ECR remain indistinct (Fig. 5d3, d4).
Samples with higher porosities show higher quanti‑
ties of quartz cements (Fig. 5a1). Samples from northern 
England (PS) show the highest amount of quartz cements 
while simultaneously having the lowest grain‑to‑IGV coat‑
ings (Fig. 5a4). Sandstones from the Flechtingen High (FS) 
show the smallest amounts of quartz cements while having 
the highest grain‑to‑IGV coating coverage in this data set. 
Outlying Cornberg Sandstones (CS) samples show dolomite 
cementation (Fig. 3d). Optical porosity and grain‑to‑IGV 
coatings show no clear correlation (Fig. 5d4) due to the 
increased abundance of pore‑filling dolomite and illite in 
Cornberg Sandstone samples (Table 2). Penrith Sandstone 
samples show highest porosities (Table 3), lowest grain‑
to‑IGV coating coverage (Table 3) and highest amount of 
quartz cements (Table 2).
Density shows a negative correlation with optical poros‑
ity (R2 = 0.80, Fig. 6b2) and with IGV (R2 = 0.71, Fig. 6a2). 
It has a positive correlation with the compactional index 
(R2 = 0.62, Fig.  6c2), the total clay fraction (R2 = 0.71, 
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Fig. 5  Cross‑plots of petrographic parameters, with selected param‑
eters plotted against optical porosity, IGV, grain‑to‑grain coatings and 
grain‑to‑IGV coatings. Linear lines of best fit indicate correlations 
and the corresponding R2. Correlations on porosity, quartz cement 
and ECR would improve if the Cornberg Sandstones preserving early 
carbonate cements would not be considered. ECR Effective contact 
ratio, IGV intergranular volume, GTG grain‑to‑grain, GTI grain‑to‑
IGV
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Fig. 6d2) grain‑to‑grain coatings (R2 = 0.69, Fig. 6 e2), 
and with grain‑to‑IGV coatings (R2 = 0.54, Fig. 6f2), and 
the ECR (R2 = 0.89, Fig. 6g2). Amounts of total clays in 
both Flechtingen and Cornberg Sandstones are similar 
(Tables 2, 3), while IGV is ~ 50% larger for Cornberg sam‑
ples (Table 3). This results in a correlation coefficient below 
0.5 between IGV and total clay (Fig. 5b2).
Mechanical correlations
Young’s modulus correlates well with UCS (R2 = 0.92, 
Fig. 4b1) and density (R2 = 0.92, Fig. 4b2). Similarly, rock 
density correlates with compressive strength (R2 = 0.89, 
Fig.  4b3). Strain does not correlate with compressive 
strength (Fig. 4a1), E (Fig. 3a2) or bulk density (Fig. 4a3).
Correlations between petrographic and mechanical 
parameters
The rock strength shows a negative correlation with the 
intergranular volume (R2 = 0.66, Fig. 6a1) and a negative 
correlation with optical porosity (R2 = 0.96, Fig. 6b1). The 
rock strength relates positively to the total clay fraction 
(R2 = 0.90, Fig. 6d1) and the distribution of authigenic clay 
coats on detrital quartz grains. The amount of illite coats 
along the grain‑to‑grain contacts show a reasonable cor‑
relation (R2 = 0.61, Fig. 6e1), while the illite coats along 
the grain‑to‑IGV do not correlate (R2 = 0.44, Fig. 6f1). The 
effective contact ratio shows a positive correlation with rock 
strength (R2 = 0.94, Fig. 6g1).
The Young’s modulus shows a positive correlation with 
the total clay fraction (R2 = 0.76, Fig. 6d3) and a negative 
correlation with the IGV (R2 = 0.53, Fig. 6a3). It correlates 
negatively with optical porosity (R2 = 0.90, Fig. 6b3). A cor‑
relation with the compactional index (R2 = 0.42, Fig. 6c3) 
and grain‑to‑grain coatings is indistinct (R2 = 0.47, Fig. 6e3). 
The effective contact ratio shows a positive correlation 
with Young’s modulus (R2 = 0.88, Fig. 6g3). Strain shows 
no correlation with any of shown petrographic parameters 
(Fig. 6a4–g4), which is further explored in the discussion.
The rock strength index ranges from 0.035 to 0.420 
(Table 3), and shows positive correlations with the uni‑
axial compressive strength (R2 = 0.97), Young’s modulus 
(R2 = 0.94) and density (R2 = 0.85) (Fig. 7).
Discussion
Petrology and diagenesis
The assessment of detrital and authigenic phases, as well as 
mechanical and chemical compaction and their documented 
impact on the modification of the pore space, over geologic 
time scales, is the basis for the evaluation of the mechanical 
properties relevant at reservoir timescales. Here, the varia‑
tions and implications of different rock types, as a function 
of different provenances, cementation and compaction, as 
a function of different burial histories are discussed for the 
presented samples.
Impact of petrology
A positive correlation exists between the IGV and poros‑
ity (Fig.  5d2), if Cornberg samples are not considered 
(R2 = 0.97). Similarly, the compactional index based on 
Lundegard (1992) correlates well with the optical poros‑
ity (R2 = 0.91) when Cornberg Sandstones are excluded 
(Fig. 5c1). The preservation of early carbonate cementa‑
tion limited to Cornberg Sandstones, preventing mechani‑
cal compaction, (Fig. 3) is interpreted to be responsible for 
these outliers.
Impact of chemical compaction
Higher coverages of illitic grain‑to‑grain coatings at 
quartz–quartz interfaces are a major control of chemical 
compaction due to electrochemical potential differences 
on quartz–illite/muscovite–quartz interfaces (Greene et al. 
2009; Kristiansen et al. 2011; Monsees et al. 2020). This 
is supported by the negative correlation between the com‑
pactional index and IGV (Fig. 5c2). The negative correla‑
tion between grain‑to‑grain coatings and quartz cement 
(Fig.  5c3) is interpreted as side‑effect of the reduction 
of the IGV by compaction (Fig. 5c2), leading to less poten‑
tial cement volume, which is also supported by the positive 
correlation between IGV and quartz cements (Fig. 5d2).
Impact of cementation
Smaller grain‑to‑IGV coating coverages are interpreted to 
control the IGV (Fig. 5b4) by enhancing syntaxial quartz 
cementation [e.g. Busch et al. 2017]. This results in a stabi‑
lization of the grain fabric and subsequently less mechani‑
cal compaction. The link between mechanical compac‑
tion and the reduction of pore‑filling cementation is also 
demonstrated by the correlation between the compactional 
index after Lundegard (1992) and grain‑to‑IGV coatings 
(Fig. 5c4).
The unique diagenetic feature of Cornberg Sandstone 
compared to the other samples of this study is the abun‑
dant preservation of early carbonate cements, which are 
still present in subsurface equivalents of Flechtingen 
Sandstone (Mumm and Wolfgramm 2002) and Penrith 
Sandstone (Turner et al. 1995). Minor amounts of mouldic 
pores in authigenic quartz cement (Fig. 3c) were attrib‑
uted to dolomite cement dissolution and occasionally 
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occur in Penrith Sandstone (Busch et al. 2017), however 
they were not encountered during point‑counting. Simi‑
larly, authigenic calcite in Flechtingen Sandstone samples 
as reported by Fischer et al. (2012) were not encountered 
during point‑counting in the studied samples.
Impact on porosity
The apparent contradiction between highest amounts 
of quartz cements and highest porosities highlights its 
dependence of the IGV on several parameters. Therefore, 
the degree of compaction represented by compactional 
indices ranging from 0.2 to 0.8 and IGVs ranging from 
17.0 to 40.7% are identified as one of the main controls 
on the porosity evolution. Porosity is generally reduced 
with reducing IGV (Paxton et al. 2002). IGVs in quartz 
sandstones are exponentially reduced during burial up 
to 26% by mechanical loading due to ideal packing of 
spherical grains, assuming well sorting and no major 
detrital clay (< 5%) as boundary conditions (Paxton et al. 
2002). The sandstone composition in this study matches 
these criteria (Tables 2, 3). IGVs as low as 17% indi‑
cate that chemical compaction on long grain contacts 
took place, which is reflected by the increase in ECR for 
samples with lowest IGV (Fig. 5f2) and highest grain‑
to‑grain illite coatings (Fig. 5f3) (Monsees et al. 2020).
Studies from natural sandstones show an influence of 
median grain size on porosity ranging from very signifi‑
cant to completely insignificant (Baud et al. 2014; Bell 
1978; David et al. 1998; Fahy and Guccione 1979; Tay‑
lor et al. 2010). This has been explained by the influ‑
ence of porosity, detrital and authigenic components 
and various amounts of compaction (McKinley et al. 
2011; Morad et al. 2010). The control on optical poros‑
ity in this study is the sum of detrital and authigenic 
clay based on linear regression analysis (Fig.  5b1), 
showing the expected negative correlation with optical 
porosity due to the ductile properties of clay. Median 
grain size is not a controlling factor on porosity in this 
study (Fig. 5d1). Detrital composition also does not 
have a clear impact on the porosity evolution in this 
data set, because Cornberg and Penrith Sandstones with 
very similar detrital composition (Fig. 3h) show large 
porosity differences (Fig. 5a–f1).
Diagenesis and geomechanical rock properties
Since diagenesis, as a function of provenance, mechani‑
cal and geochemical alteration modifies the pore structure 
and particle contacts over geological timescales, the dia‑
genetic contribution to present day measured geomechani‑
cal properties, relevant for production timescales, should 
be derivable. Positive correlations between UCS, Young’s 
modulus and rock density (Fig. 3) are well established else‑
where (Dobereiner 1986; Shakoor and Bonelli 1991). UCS, 
Young’s modulus and bulk density consistently show similar 
trends when plotted against the petrographic proxies IGV, 
optical porosity, compactional index, clay content, GTG and 
GTI coatings, and effective contact ratio (Fig. 6), however 
correlation coefficients vary.
Impact of chemical compaction
Grain size in artificial pure sandstones (quartz arenite) with‑
out chemical compaction correlates well with UCS (Atapour 
and Mortazavi 2018). Chemical compaction is driven by (i) 
the amount of overburden, temperature, and fluid pressure 
i.e. the effective stress and the amount and size of quartz 
grains, and is reflected by the type of quartz grain contacts 
(Bjørlykke and Høeg 1997; Renard et al. 1997), and (ii) the 
extent of clay coating on rigid quartz along quartz–quartz 
contacts driving pressure solution (Greene et al. 2009; Kris‑
tiansen et al. 2011; Monsees et al. 2020).
Impact of porosity
Optical porosity seems to control UCS (Fig. 6b1) and den‑
sity (Fig. 6b2) due to lower strength and densities (Atapour 
and Mortazavi 2018; Baud et al. 2014; Hsieh et al. 2008; 
Weng et al. 2005). Thus, the reduction of porosity and the 
increase of the effective contact ratio (ECR) during diagen‑
esis need to be constrained to assess rock strength in context 
of diagenetic alterations.
Impact of cementation
Cross‑plots between geotechnical parameters and individual 
authigenic minerals such as quartz cements yielded no con‑
clusive results. However, using the intergranular volume 
as the sum of intergranular porosity and cements, samples 
with less IGV, thus more heavily compacted, show higher 
UCS (Fig. 6a1), Young’s modulus (Fig. 6a2) and densities 
(Fig. 6a2). This is interpreted to be due to the fraction of 
intergranular porosity, which leads to lower rock strength 
and density, and due to authigenic minerals, also contribut‑
ing to the IGV. The observed negative correlation between 
UCS and clay content (Fig. 6d1) seems counter‑intuitive, 
implying a higher clay content in sandstones would result 
Fig. 6  Cross‑plots of all geotechnical parameters on the x‑axis com‑
pared to selected petrographic parameters on the y‑axis. Linear lines 
of best fit indicate correlations with R2 > 0.7 and the corresponding 
R2. Correlations on IGV and coatings with mechanical parameters 
would improve if the diagenetic difference of preserved early carbon‑
ate cements of Cornberg samples would be considered  as outliers. 
UCS Uniaxial compressive strength, E Young’s modulus, ε strain at 
failure
◂
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in higher strength. Similar negative correlations have been 
reported in weak sandstones with UCS < 20 MPa (Chen and 
Hu 2003); however, they were limited to the same rock type. 
The negative correlation in this study is due to CS and FS 
samples being either significantly more cemented (CS) with 
higher clay contents, or more compacted and cemented (FS), 
while PS samples show higher IGVs, higher optical porosi‑
ties, and lower UCS (Fig. 6a1, b1, e1).
Impact of clay coatings
Clay coatings seem to exhibit a small to intermediate con‑
trol on geomechanical properties. Illitic grain coatings can 
inhibit syntaxial quartz cementation but may drive chemical 
compaction (Busch et al. 2020; Monsees et al. 2020). Con‑
sequently, the absence of illitic grain coatings favors early 
syntaxial cementation, thus reducing the effect of mechani‑
cal compaction. These processes are reflected by the GTG 
and GTI coating analyses (Monsees et al 2020) and the com‑
pactional index (Lundegard 1992), respectively.
Grain‑to‑grain coating clay increases the density 
(Fig. 6e2) due to their inferred control on chemical com‑
paction (Fig. 5c3) (Monsees et al. 2020), subsequently also 
enhancing the UCS (Fig. 6e1) and E (Fig. 6e3). The correla‑
tion of grain‑to‑IGV coatings with density is barely mean‑
ingful (Fig. 6f2) and implies that more quartz cementation 
results in lower density, as GTI coatings were observed to 
exhibit a control on quartz cementation (Fig. a4). The IGVs 
are higher in the sample group with the highest amounts of 
quartz cements (PS, see Fig. 5d2), as a result the counter‑
intuitive positive correlation between GTI coatings and den‑
sity is due to less compaction, and thus less reduction of 
potential porosity [e.g. Paxton et al. (2002)]. Correlations 
of GTI coatings with UCS (Fig. 6f1) and E (Fig. 6f3) show 
the same positive trend due to the good correlation between 
UCS, E and density (Fig. 3b1–3); however, their correlation 
coefficients consistently are around or below R2 = 0.5.
Implications for deformation
No linear correlation of strain at failure (ε) with any of 
the petrographic proxies could be established (Fig. 6). 
However, there seems to be a logarithmic relationship 
between ε and the ratio of IGV/compactional index 
(Fig. 6a4, c4) if the outlier in the upper right (sample PS3 
from quarry B, see chapter 3) would be removed. Simi‑
lar observations were made for the plots comparing ε and 
grain‑to‑grain coatings (Fig. 6e4, f4), if sample PS3 would 
be excluded. The resulting correlation coefficients would 
be around R2 = 0.7 for Fig. 6a4, c4, f4 and around R2 = 0.85 
for Fig. 6e4. This would result in inelastic deformation 
represented by ε being controlled by grain‑to‑grain coat‑
ings (Fig. 6f4), which would be in agreement with recent 
research on inelastic deformation of reservoir sandstones 
(Pijnenburg et al. 2019b), resulting in implications for 
induced seismicity (Pijnenburg et al. 2019a).
The higher porosity and resulting lower rock strength of 
sample PS3 due to being less compacted result in stronger 
displacement, explaining the higher ε compared to the pos‑
sible strain‑petrography relationship discussed here. Con‑
sequently, this would infer that this proposed relationship 
between strain at failure (ε) and the ratio of IGV/compac‑
tion index is only valid for sandstones that have undergone 
a certain amount of compaction and porosity reduction. 
UCS and E were determined in the same experiment as ε 
and showed consistent results.
Implications for the rock strength index
The rock strength in sandstones increases with the amount 
of porosity reduction (Fig. 6b1) and increases with higher 
effective contact ratios between grains and cements 
(Fig. 6g1). Both mechanical and chemical compactions 
reduce porosity and increase rock strength (Bjørlykke and 
Høeg 1997). As both porosity (Fig. 6b1) and effective 
contact ratios between particles (Fig. 6g1) were shown 
to correlate with mechanical properties, we propose to 
calculate a rock strength index  SR for the samples in this 
study (Fig. 7). The rock strength index shows a linear rela‑
tionship for the tested UCS range from 3 to 60 MPa in 
the presented data set (Fig. 7), and enables a first‑order 
UCS, density and Young’s modulus estimation based on 
petrographic data.
Fig. 7  Rock strength index 
versus uniaxial compressive 
strength (UCS), density and 
Young’s modulus (E)
UCS [MPa]
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Implications for reservoir timescale
All interactions between parameters described so far 
can be categorized on the geologic and the reservoir 
timescale. The geologic timescale features processes 
of porosity reduction and compaction increasing rock 
strength, ref lected by the effective contact ratio of 
grain contacts (Fig.  6g1), and decrease in porosity 
(Fig. 6b1).
On the reservoir timescale, the mechanical rock 
properties are related to cementation and chemical 
compaction, which are reflected by the effective con‑
tact ratio and rock strength index SR (Fig. 8). Larger 
cement volumes and enhanced chemical compaction 
both increase the effective contact ratio, thus reflecting 
the impact of diagenesis. The importance of clay min‑
eral coatings in sandstones on reservoir timescales has 
been well established from geomechanical experiments 
(Pijnenburg et al. 2019b), while the quantification of this 
effect in heterogeneous sandstones may not universally 
applicable as presented in this study.
Conclusions
The studied Rotliegend sandstones represent fluvio‑eolian 
depositional environments mostly comprised of detrital 
quartz with close to no detrital clay component. Due to dif‑
ferent diagenetic histories, their corresponding diagenetic 
alterations and porosity is different. Authigenic quartz is the 
major diagenetic phase in all samples. Cornberg Sandstones 
show intermediate compaction and high cementation, 
Flechtingen Sandstones experienced a high amount of com‑
paction and intermediate cementation, while Penrith Sand‑
stones show low compaction and intermediate cementation.
Mechanical compaction was observed to be dependent 
on the abundance of pore‑filling rigid authigenic minerals 
like carbonates and quartz stabilizing the grain‑framework. 
Chemical compaction was assessed based on the illite cover‑
ages on grain‑to‑grain interfaces. Generally, higher compac‑
tion induced a porosity reduction depending on the different 
sample groups and diagenetic pathways. The presence of 
preserved early carbonate cementation in Cornberg samples 
was identified as a reason for outliers when assessing the 
Fig. 8  Schematic overview 
of the effect of diagenetic 
alterations on optical porosity 
and geomechanical properties. 
The geologic setting controls 
the initial parameters such as 
composition and depositional 
environment, as well as bound‑
ary conditions like temperature, 
pressure, ion availability etc. 
Each correlation line symbol‑
izes a positive correlation e.g. 
if the uniaxial strength is high, 
Young’s modulus is also high. 
Each anti‑correlation line 
symbolizes a negative correla‑
tion, eg. if optical porosity is 
high, then uniaxial compressive 
strength is low. Effective contact 
lengths (Fig. 2) are increased by 
all compaction and cementation 
processes. GTI Grain‑to‑IGV, 
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petrographic properties in comparison to mechanical prop‑
erties. Such different diagenetic evolution of similar sand‑
stones might explain generally well working correlations in 
artificial (pure) sandstones compared to contradicting studies 
featuring natural, heterogeneous specimens.
Optical porosity was identified as the main control on 
UCS, Young’s modulus and density with a pronounced nega‑
tive correlation (R2 > 0.80). Optical porosity is controlled 
by diagenetic alterations in this study, namely authigenic 
quartz, dolomite and clay minerals together with mechanical 
and chemical compaction. Chemical compaction is depend‑
ent on the spatial relationships and abundance of grain‑coat‑
ing clay minerals and detrital and authigenic quartz.
The length of horizontal grain contacts normalized to the 
individual grain size relates grain fabric to mechanical prop‑
erties. Effective contact ratios show positive correlations 
with UCS (R2 = 0.97), Young’s modulus (R2 = 0.94) and 
density (R2 = 0.85). Such petrography‑based rock strength 
index including porosity and effective contact ratio may be 
tested for other study areas.
The results of this study help to understand and quantify 
the relation between diagenetic parameters and geomechani‑
cal properties utilizing the rock strength index represent‑
ing the sum of diagenetic influence on porosity reduction 
and grain connectivity orientated to the stress conditions. 
Consequently, they may be applied as first‑order estimate of 
mechanical properties for sandstones with similar boundary 
conditions, if sufficiently large specimen for geotechnical 
standard tests are not obtainable.
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